We experimentally demonstrate a stretchable plasmonic structure composed of a monolayer array of gold semishells with dielectric cores on an elastic PDMS substrate. The composite structure is fabricated using simple and inexpensive self-assembly and transfer-printing techniques, and it supports Bragg-type surface plasmon resonances whose frequencies are sensitive to the arrangement of the metallic semishells. Under uniaxial stretching, the lattice symmetry of this plasmonic structure can be reconfigured from hexagonal to monoclinic, leading to resonance frequency shifts from 200 THz to 191 THz for the TM polarization and from 200 THz to 198 THz for the TE polarization with a strain up to 20%, respectively. Compared with previously reported tunable plasmonic structures, the reconfiguration of lattice symmetry offers a promising approach to tune the surface plasmon resonance with a polarization-dependent response at the standard telecommunication band, and such tunable plasmonic structure might be exploited in realizing photonic devices such as sensors, switches and filters.
Introduction
Due to the oscillations of free electrons at metal interfaces, plasmonic nanostructures can concentrate optical fields into nanoscale volumes [1, 2] . The concentration of optical fields and sub-wavelength nature can render important applications from biological and chemical sensors [3] to devices for sub-wavelength manipulation of light [4] , photo detection [5] , lasers [6] and solar energy harvesting [7] . The optical response of a conventional plasmonic structure is usually determined by the shape and size of the metal structure, the type of metal or the refractive index of the surrounding materials, and it is generally unchanged once fabricated. The response of essentially passive plasmonics can be rendered actively by integrating dynamic components into the structure. To date, tuning the optical response of plasmonic structures has been limited in special ranges due to optical [8] , fluidic [9] , electronic [10] , ferroelectric [11] and thermal [12] tuning mechanisms involved. Stretchable plasmonic structures have generated increasing interest for actively tuning optical response in a reproducible and continuous way. Through mechanical deformation of elastomeric substrates, spectral shifts in the resonance of plasmonic structures are reported, such as in nanoparticles matrix [13] , gratings [14] and metal nanovoids [15] . However, most of the stretch-tunable plasmonics rely on modifying the gaps or cavities within or between the resonant elements which leads to limited working wavelengths.
In this paper, we illustrate a simple and inexpensive method based on self-assembly and lifttransfer techniques [16] to fabricate a new type of large-area, narrow-band and stretch-tunable plasmonic semishells, composed of a dielectric core and a thin metallic shell and arranged in a monolayer hexagonal-close-packed array on an elastomeric substrate. This composite structure supports delocalized surface plasmon (SP) modes. By breaking the lattice symmetry other than enlarging the sizes of gaps or cavities under strain, we can realize not only a large frequency shift but also a polarization dependence at telecommunication wavelengths. Figure 1 (a) depicts the fabrication scheme used to generate a narrow-band stretchable plasmonic structure with wafer-scale area. In the first step, a monolayer hexagonal-close-packed array of monodisperse polystyrene (PS) spheres with a diameter of 1500 nm (size dispersion 2%) was formed on a pre-treated silicon surface by a self-assembly method [17] . After that, a 35-nm-thick gold film was deposited on the monolayer array of PS spheres by E-beam evaporation. Due to the shadow effect, metallic caps can be formed on the PS spheres to produce the semishells with PS cores. The second step was to prepare an elastomeric substrate. A 2-mm-thick transparent polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning; the mixing ratio between the polymer precursor and the curing agent was 10:1.0) layer was spread on another quartz slide and left to cure at 65 • C for 4 hours. After curing, the PDMS membrane was carefully peeled off the slide. The third step was to transfer the monolayer array of gold capped PS spheres onto the PDMS substrate. To do this, the PDMS film was pasted onto the monolayer semishells array prepared in the first step. The PDMS film was then carefully lifted off, such that the monolayer array of gold capped PS spheres can be transferred completely onto the PDMS substrate. This is possible, because of the stronger static force between the gold caps and the neat PDMS surface (like adhesive tape) compared to the interaction between the colloidal spheres and the Si surface [18] . Therefore, we can successfully accomplish the preparation of the gold semishells array with the opening facing up on a PDMS substrate, as shown in Fig. 1(b) . shown in the left-upper inset in Fig. 1(b) . Figure 1 (c) highlights typical sample size and high flexibility. Strong diffraction can be observed from the two-dimensional (2D) hexagonal lattice of gold semishells array on the optically transparent PDMS film.
Fabrication

Results and discussions
The transmittance, shown in Fig. 2 , for the fabricated device, was measured by a free-space setup using a supercontinuum light source (500-1750 nm, SuperK SCB-Compact 100-PC) and a spectrum analyzer (400-1750 nm, Ando AQ-6315E). Details of the setup can be found in Ref. [19] . The narrow-band resonances around 200 THz (1.5 μm) under the normal incidence for both polarizations are caused by a delocalized Bragg-type SP mode that relies on a strong near-field interaction between adjacent gold semishells. When these semishells are put together to form a regular 2D lattice, SP resonances between neighboring semishells can couple with each other provided that the spatial distance is not large enough. Due to the periodicity of the 2D lattice, this coupling leads to a well defined dispersion of SPs or band structure ω(K sp ), where K sp is the wave-vector of the coupled SPs. If the in-plane component of incident light wave vector K satisfies the following phase-matching condition [1, 2] :
then coupled SPs can be excited, where G mn = 2π/Λ represents the reciprocal lattice vectors of the 2D lattice. By using the weak scattering approximation [20, 21] , the close-packed nature of the surface leads to diffraction from the planes of scatters, which are spaced by a distance Λ= √ 3/2(ma+nb), where m and n are integers and a and b are two basis lattice vectors in this 2D hexagonal array.
The above model has been verified by experimental data of far-field angle-resolved trans-mittance spectra. As seen in Fig. 2(a) , for the transverse-electric (TE, electric field polarized along the y-direction) polarized light, the excited in-plane plasmon mode does not depend on the incident angle. This is because the in-plane component of the electric field of the incident light remains unchanged with various incident angles. But for the transverse-magnetic (TM, the electric field polarized along the x-direction) polarized light, one can see that the single transmission resonance around 200 THz under the normal incidence splits into two branches at small-angle oblique incidence whose positions are all angle-dependent, indicating the delocalized nature of this mode (Fig. 2(b) ). Moreover, the outstanding angular sensitivity attributed to the symmetry-broken metallic semishells can open up applications such as infrared angular sensors or modulators [22, 23] .
To demonstrate tunability of our stretchable plasmonic structure, uniaxial strain is applied along the x-direction on a stress stage which is in the optical path of the free-space measurement setup. Transmittance spectra can be recorded and the six-fold light diffraction pattern is used to confirm the orientations related to the ordered lattice synchronously. Because of the tight coupling between lattice structures and optical properties for delocalized Bragg-type SPs, the stretch induced anisotropic behavior extends to the optical domain. We traced the transmittance spectra as a function of strain for both TE and TM polarized light, see Fig. 4(a) . As the transmission dips are caused by the coupled SPs between neighboring gold semishells which are highly dependent on the lattice constant along the electric field. A larger lattice constant results in a lower resonance frequency by relating the real-space and reciprocalspace lattices. As shown in Fig. 3(d) , the lattice is no longer hexagonal and deformed into a lower-symmetry monoclinic lattice when strained. This results in a red shift of the transmission dip (from 200 THz to 191 THz with a strain up to 20%) for the TM polarized light incidence as the effective coupling distance between two adjacent semishells increases along the stretching direction. For the TE polarized light which is perpendicular to the stretching direction, the transmission dip shifts much less (from 200 THz to 198 THz with a strain up to 20%) as the effective coupling distance changes only slightly. It is worthy to mention that, because of the inevitable defects in self-assembled structures [24] , a mechanical strain will cause a nonuniform lattice of the plasmonic structure. Therefore, the plasmonic resonance will smear out in the measured results as deformation increases (see Fig. 4(a) ). The strain-induced polarizationdependent effects of the tunable plasmonic structure are also verified by numerical simulations (performed with the aid of a commercially available finite integration method [25] ), as shown in Fig. 4(b) , where the squares and circles represent the measured resonance dip positions for the TE and TM polarization, respectively. The positions of the measured resonance dips illustrate a good agreement with those obtained by the numerical simulations.
Conclusion
We have demonstrated a stretchable plasmonic structure consisting of a monolayer array of gold semishells with PS cores on an elastic PDMS substrate using self-assembly and lift-transfer techniques. The delocalized Bragg-type SP resonances with outstanding angular sensitivity may be used as infrared angular sensors or modulators. Besides, it can be mechanically tuned by breaking the lattice symmetry under strain. Experimental results show that the transmission dip, associated with the Bragg-type SP resonance, shifts from 200 THz to 191 THz for the TM polarization and from 200 THz to 198 THz for the TE polarization when a strain up to 20% is applied respectively, indicating polarization dependent tunability of our plasmonic structure. Measured results have been confirmed by the numerical simulations. The stretch-tunable plasmonic structure with a polarization dependent response at 1.5 μm region can be potentially used in sensing, switching, and filtering for telecommunication.
